1. Introduction {#sec1}
===============

Obesity, which has nearly tripled worldwide since 1975, has health-related consequences such as increased risk of cardiovascular diseases, metabolic syndrome with diabetes type 2, musculoskeletal disorders, and cancer \[[@B1]--[@B3]\]. The high and increasing prevalence of obesity, estimated to 13% of the world population and mentioned as the global obesity epidemic \[[@B4]\], has been linked to alterations in the diet with increased intake of high fat, energy-dense food, and reduced physical activity \[[@B1]\]. The dietary alterations affect the gut microbiota (induce dysbiosis) and the microbiota\'s metabolites (e.g., straight and branched short-chain fatty acids, referred to as short-chain fatty acids (SCFA) in this paper) \[[@B5]\]. Evidence indicates associations between alterations of the gut microbiota and their metabolites and obesity \[[@B6]--[@B9]\]. Propionic and butyric acids have been ascribed antiobesogenic effects, and a high *Firmicutes/Bacteroidetes* ratio has been associated with obesity \[[@B10]--[@B16]\]. Although these changes have been observed in both animals and humans, a causal role of the gut microbiome in the pathogenesis of obesity has not yet been proven in humans \[[@B6], [@B17]\].

Dietary factors like fibre and starch, intake of nonnutritive sweeteners (NNSs), and use of drugs like metformin alter the gut microbiome and their metabolic products \[[@B5], [@B18]--[@B26]\]. This study aimed to explore associations between the diet and drugs, and changes in the gut microbiota and SCFA in subjects with morbid obesity, and to evaluate the metabolic consequences. Because our previous research has indicated unfavourable effects of NNSs, the study focused on the effects of NNSs \[[@B25], [@B27]\]. A secondary aim was to study direct and indirect effects (mediated via the faecal microbiota) of NNSs on SCFA.

2. Materials and Methods {#sec2}
========================

2.1. Study Design {#sec2.1}
-----------------

The design was a cross-sectional study in subjects with morbid obesity (MO) referred for evaluation of bariatric surgery. Results from this cross-sectional study have been reported in previous papers, and this study followed the methods of Farup and Valeur \[[@B28]\].

2.2. Participants {#sec2.2}
-----------------

Consecutive subjects aged 18--65 years with MO (defined as BMI \>40 or \>35 kg/m^2^ with obesity-related comorbidity), referred to the Unit for Obesity at Innlandet Hospital Trust--Gjøvik, Norway, in the period from December 2012 to September 2014 were informed about the study and were asked to participate. Exclusion criteria were organic gastrointestinal disorders, major psychiatric disorders, severe somatic disorders not related to obesity, alcohol or drug addiction, and previous obesity surgery or other major abdominal surgery.

2.3. Accomplishment {#sec2.3}
-------------------

In all participants, a medical history was taken, a physical examination was performed, and blood and faecal samples were collected. The doctors, the study nurse, and the participants filled in paper-based questionnaires. Supplementary examinations were performed at the doctors\' discretion.

2.4. Variables {#sec2.4}
--------------

### 2.4.1. Participants\' Characteristics {#sec2.4.1}

The following variables were registered:Gender, age (years), height (m), weight (kg), BMI (kg/m^2^), coffee (cups/day), smoking (daily, previously, and never), and previous and present diseases.Use of metformin and other drugs (yes/no).The diet was assessed with a food frequency questionnaire based on the official Norwegian food composition table and validated by the University of Oslo \[[@B29]\]. The amount of NNSs was calculated. One unit of NNSs was defined as 100 mL NNS-containing beverage or two NNS tablets/teaspoons for use in tea or coffee.

### 2.4.2. Faecal Samples {#sec2.4.2}

The producer of the microbial test, Genetic Analysis AS, Oslo, Norway, provided kits for collecting the faecal specimens. The participants collected faecal material in the kits at home and stored it at room temperature for a maximum of five days before bringing the specimen to the hospital where it was kept at minus 80°C until it was analysed \[[@B30]\].

*(1) Faecal Microbiota*. GA-map® dysbiosis test (Genetic Analysis AS, Oslo, Norway) was used for the analyses of the faecal microbiota \[[@B30]\]. The test is CE marked and has a US (Patent No. 9243297) and a European patent (Patent No. 2652145) for its technology \[[@B31]\]. The test is based on advances in DNA profiling using probes targeting variable regions (V3 to V7) of the bacterial 16S rRNA gene to characterise and identify bacteria present at different taxonomic levels.

The overall result is given as the Dysbiosis Index (DI) with scores 1 to 5; values above 2 indicate a microbiota profile that differs from the producer\'s reference population (i.e., dysbiosis). The test also reports the relative abundance of 39 bacteria at different taxonomic levels compared with a reference population (score −3 to 3) of Actinobacteria, Actinomycetales, *Bifidobacterium* spp., *Alistipes*, *Alistipes onderdonkii*, *Bacteroides fragilis*, *Bacteroides* spp. and *Prevotella* spp., *Bacteroides stercoris*, *Bacteroides zoogleoformans*, *Parabacteroides johnsonii*, *Parabacteroides* spp., Firmicutes, Bacilli, *Catenibacterium mitsuoka*, Clostridi a, *Clostridium* sp., *Dialister invisus*, *Dialister invisus* and *Megasphaera micronuciformis*, *Dorea* spp., *Eubacterium biforme*, *Eubacterium hallii*, *Eubacterium rectale*, *Eubacterium siraeum*, *Faecalibacterium prausnitzii*, Lachnospiraceae, *Lactobacillus ruminis* and *Pediococcus acidilactic*, *Lactobacillus* spp., *Phascolarctobacterium* sp., *Ruminococcus albus* and *R. bromii*, *Ruminococcus gnavus*, *Streptococcus agalactiae and Eubacterium rectale*, *Streptococcus salivarius* ssp. *thermophiles* and *S. sanguinis*, *Streptococcus salivarius* ssp. *Thermophilus*, *Streptococcus* spp., *Veillonella* spp., Proteobacteria, *Shigella* spp. and *Escherichia* spp., *Mycoplasma hominis*, and *Akkermanasia muciniphilia*. The dysbiosis scores are the producer\'s commercial secret.

An Alternative dysbiosis index (ADI) (scores −14 to 14), which we have claimed to separate favourable dysbiosis (positive scores) from unfavourable dysbiosis (negative scores), was also calculated \[[@B25]\]. The ADI is based on the relative abundance of the bacteria Alistipes, Proteobacteria and *Shigella* spp. and *Escherichia* spp., and the relative scarcity of *Bacteroides fragilis*, *Ruminococcus gnavus*, *Bacteroides* spp. and *Prevotella* spp., and *Dialister invisus.*

*(2) Faecal Short-Chain Fatty Acids*. 0.5 g of the faecal samples and distilled water containing 3 mmol/L of 2-ethylbutyric acid (as internal standard) and 0.5 mmol/L of H~2~SO~4~ were homogenized. 2.5 mL of the homogenate was vacuum distilled according to the method of Zijlstra et al. and modified by Høverstad et al. \[[@B32], [@B33]\]. The distillate was analysed with gas chromatography (Agilent 7890 A; Agilent, CA, USA) using a capillary column (serial no. USE400345H, Agilent J&W GC columns; Agilent, CA, USA) and quantified while using internal standardisation. Flame ionisation detection was employed. The total amount of all SCFA and the amount of acetic, propionic, butyric, i-butyric, valeric, i-valeric, caproic, and i-caproic acids expressed in mmol/kg wet weight were measured, and two indices were calculated:Index A (saccharolytic fermentation) was the concentration of acetic minus propionic and butyric acid divided by the total amount of SCFA. The index reflects the fermentation of carbohydrates and the proinflammatory effect of SCFA. It was constructed as a balance between the proinflammatory effects of acetic acid and the anti-inflammatory effects of butyric and propionic acids \[[@B34]\].Index B (proteolytic fermentation) was the sum of i-butyric and i-valeric acids. The index reflects the fermentation of proteins and the anti-inflammatory effects of SCFA \[[@B34]\].

2.5. Statistics {#sec2.5}
---------------

Descriptive statistics are given as number and proportion (%), mean with standard deviation (SD), or median with range. The mediation analyses were carried out as follows: first, linear regression analyses were used with each SCFA as the dependent variable, one at a time, and NNSs, starch, metformin, age, and gender as independent variables to identify SCFA with a statistically significant total effect of NNSs. Second, linear or ordinal logistic regression analyses were used with each of the 39 candidate microbiota and the dysbiosis indices, one at a time, as the dependent variable and the aforementioned independent variables, to identify the microbiota with statistically significant association with NNSs. Third, for the combinations of SCFA microbiota, mediation analyses were carried out as described by Hayes AF et al. \[[@B35], [@B36]\], to estimate direct and indirect effects (mediated through the bacterial groups at different taxonomic levels) of NNSs on SCFA, with age, gender, starch, and metformin as covariates. Bootstrap confidence intervals based on 5000 bootstrap replications was calculated for the indirect effect. The method does not allow the calculation of *p* values for the indirect effects. [Figure 1](#fig1){ref-type="fig"} shows a directed acyclic graph of the mediation model. *p* values \<0.05 were judged as being statistically significant. To adjust for multiple testing, Benjamini--Hochberg false discovery rate-adjusted *q* values were calculated in *R* for the associations between NNSs and the individual SCFA and reported for *p* values below 0.05. Other analyses were performed with IBM SPSS Statistics for Windows, version 25.0 (IBM Corp., Armonk, NY, USA).

2.6. Ethical Approval {#sec2.6}
---------------------

The study was approved by the Norwegian Regional Committees for Medical and Health Research Ethics (reference number 2012/966) and was performed in accordance with the Declaration of Helsinki. All the participants gave written informed consent before inclusion.

3. Results {#sec3}
==========

3.1. Subject Characteristics {#sec3.1}
----------------------------

Eighty-nine out of 350 consecutive subjects with morbid obesity in the period from December 2012 to September 2014 were included in the study. Reasons for exclusions were as follows: study nurse was unavailable (no = 111), refused participation (no = 80), erroneously included (no = 17), and did not fill in the food frequency questionnaire or provide faecal samples (no = 53). [Table 1](#tab1){ref-type="table"} gives the characteristics of the 89 participants.

3.2. Short-Chain Fatty Acids {#sec3.2}
----------------------------

[Table 2](#tab2){ref-type="table"} gives the associations between SCFA and starch, NNSs, and metformin adjusted for age and gender. NNSs were negatively associated with butyric acid and valeric acid. [Figure 2](#fig2){ref-type="fig"} shows the associations between butyric acid and starch and NNSs adjusted for the means of age, gender, metformin, and/or NNSs/starch.

3.3. Faecal Microbiota {#sec3.3}
----------------------

NNSs were positively associated with the DI and negatively with the ADI, and associated with four out of the 39 bacteria reported by the commercially available test. [Table 3](#tab3){ref-type="table"} gives the statistically significant associations between NNSs and the faecal microbiota adjusted for starch, metformin, age, and gender.

3.4. Direct and Indirect Effects of NNSs on SCFA {#sec3.4}
------------------------------------------------

NNSs were associated with butyric acid and valeric acid, and with the dysbiosis indices and four of the bacteria groups. [Table 4](#tab4){ref-type="table"} gives the direct and indirect effects of NNSs on butyric acid and valeric acid. The effects are shown only for the bacteria associated with NNSs. No statistically significant indirectly mediated effects were seen.

4. Discussion {#sec4}
=============

This study in subjects with morbid obesity showed significant effects of the diet and drugs on the faecal microbiota and SCFA. The most important finding was the association between the use of NNSs and reduced butyric acid. Similar effects of NNSs have been observed in mice \[[@B37]\].

4.1. Physiological Effects of Butyric Acid and NNSs {#sec4.1}
---------------------------------------------------

Butyric acid has multiple potential beneficial effects of particular importance for subjects with obesity \[[@B38]\]. Butyric acid reduces appetite, induces sustained satiety, promotes energy expenditure and fat oxidation by activation of brown adipose tissue, reduces insulin resistance, and improves dyslipidaemia \[[@B11], [@B12], [@B39], [@B40]\]. In mice, butyric acid prevents dietary-induced weight gain and induces significant weight loss \[[@B12], [@B39]\]. These effects are, without exception, favourable for subjects with obesity. The effects are in part mediated via gut-brain neural circuits \[[@B12], [@B41]\]. The discrepant sensory and metabolic signals (taste-calorie uncoupling) to the intake of NNSs modify the brain response to food and could have long-term consequences for food intake \[[@B42]\]. The adverse physiological effects associated with NNSs (such as metabolic changes with glucose intolerance, increased appetite and weight gain, weaker caloric compensation, and neurophysiological and brain dysfunction) are similar to those associated with butyric acid depletion and could in part be due to butyric acid reduction.

4.2. Clinical Effects of NNSs {#sec4.2}
-----------------------------

The clinical usefulness of NNSs for weight control is uncertain. Intake of NNSs, often in large amounts, combined with an attempt to reduce intake of food rich in sugar are common in subjects with obesity aiming at weight reduction. In this study, intake of 20--43 units/day (corresponding to 2.0--4.3 litres of carbonated beverages with NNSs) was rather common. NNSs have been associated with an unhealthy lifestyle \[[@B27]\]. The clinically relevant favourable and unfavourable effects of NNSs in humans are still under debate despite comprehensive research. A recently published systematic review and meta-analyses concluded that no evidence of any effect of NSSs was seen on overweight and obese adults trying to lose weight, and that potential harms could not be excluded \[[@B43]\].

4.3. Comparisons of the Clinical and Physiological Effects of NNSs {#sec4.3}
------------------------------------------------------------------

The clinical and physiological effects of NNSs seem discordant. The favourable effects of a modest reduction of the intake of sugar by subjects using NNSs could be counteracted by the unfavourable physiological effects. The clinical relevance and physiological effects of reduced valeric acid associated with NNSs are unknown.

4.4. The Diet and the Faecal Microbiota {#sec4.4}
---------------------------------------

The faecal microbiota and its metabolites are highly influenced by the diet \[[@B5], [@B19]\]. NNSs were associated with an unfavourable dysbiosis, reduced amounts of *Faecalibacterium prausnitzii* and *Bacteroides fragilis*, and increased amounts of *Ruminococcus gnavus* and *Streptococcus* spp. Changes in the gut microbiota are common in subjects with obesity, and an increased Firmicutes/Bacteroidetes ratio has often been reported \[[@B6], [@B16], [@B17]\]. Increased *Ruminococcus gnavus* and *Streptococcus* spp. that are part of the Firmicutes and reduced *Bacteroides fragilis* that is part of the Bacteroidetes could indicate an increase in Firmicutes/Bacteroidetes ratio. *Faecalibacterium prausnitzii* has been ascribed important health-related effect also in subjects with obesity \[[@B14], [@B44], [@B45]\].

4.5. The Diet and Drugs and Butyric Acid {#sec4.5}
----------------------------------------

The positive association between intake of starch and faecal butyric acid was expected. The microbes use resistant nondigestible carbohydrates and fibre such as slowly digestible and resistant starch for production of SCFA, in particular butyric and propionic acids \[[@B19], [@B46], [@B47]\]. Low-carbohydrate diets such as a low content of rapidly digestible starch reduce faecal butyric acid \[[@B19]\]. The antiobesity effect of slowly digestible and resistant starch, which is due to increased energy expenditure and not reduced caloric intake, is likely mediated by increased microbial butyric acid production \[[@B48]\]. The intake of fibre and starch was significantly correlated, and associations between fibre and SCFA were expected but not found. Therefore, starch was used in the analyses. No associations were seen between metformin and the SCFA. Since metformin was used by nearly all subjects with diabetes, the effects of diabetes and metformin are difficult to separate. Metformin was used in this study because other studies have shown that metformin and not diabetes is the main contributor to the microbial alterations \[[@B21], [@B49]\].

4.6. The Microbiota and SCFA {#sec4.6}
----------------------------

Several microbes, of which *Faecalibacterium prausnitzii* has been mentioned as the most important one, have the capability for production of butyric acid by different metabolic pathways \[[@B45], [@B47]\]. Four groups of microbes including *Faecalibacterium prausnitzii* were associated with intake of NNSs. It was unexpected that neither *Faecalibacterium prausnitzii* nor any of the other bacterial groups were significant mediators of the negative association between NNSs and butyric acid. Since a direct effect of NNSs on butyric acid is unlikely, bacterial groups not specified by the commercially available microbial test probably mediated the effect.

4.7. Other Effects of the Microbiota and SCFA {#sec4.7}
---------------------------------------------

In a previous study with the same methods, we reported the associations between the microbiota and SCFA and psychobiological comorbidity \[[@B28]\]. In contrast to this study with clear and significant associations between dietary factors and butyric acid with possible clinical consequences, the previous study showed a high number of significant and partly divergent associations and revealed no straightforward gut-brain communication pathways.

4.8. Strengths and Limitations {#sec4.8}
------------------------------

The participants with morbid obesity in need of weight reduction and therefore having a high intake of NNSs and referred for evaluation of bariatric surgery were well suited for the study of health-related effects of NNSs. The external validity is, however, restricted to this group. Measurement of SCFA in faeces and not in proximal parts of colon might be a limitation. Faecal concentration of SCFA is a poor estimate of colonic SCFA production, but the study did not aim to quantify colonic SCFA production. However, SCFA present in faeces is highly dependent on colonic SCFA production. The microbial test measured only the amount of 39 bacterial groups at different taxonomic levels relative to a reference population and on a coarse scale. A precise measurement of more bacterial groups could have improved the results. The effects might differ between various NNSs, and information about types of NNSs was not available. The results are based on a high number of statistical tests, mostly correlations, and type I errors cannot be excluded. Adjustment for multiple testing was performed for the main findings, which were the associations between NNSs and the individual SCFA. Multiplicity adjustment is a field of much research and controversy. The influential epidemiologist Kenneth Rothman argues against multiplicity adjustment in many settings \[[@B50]\]. In this study, adjustment for multiple testing was added to the other analyses for the most important findings. The analyses, which give very conservative results, showed a clear trend for an association between NNSs and butyric acid and strengthened the findings. The presence of unknown confounders cannot be excluded.

5. Conclusions {#sec5}
==============

Faecal butyric acid was positively and negatively associated with the use of starch, which has been claimed to have antiobesogenic effects, and NNSs, respectively. The measured bacterial groups did not mediate these effects. Lack of butyric acid has weight-inducing effects and metabolic consequences that are unfavourable for subjects with obesity. The negative association between NNSs and butyric acid could indicate an obesogenic effect of NNSs. Since there is no evidence for a weight-reducing effect of NNSs on subjects with obesity and NNSs might counteract the favourable effects of butyric acid, it seems imprudent to use NNSs for weight reduction.
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![A directed acyclic graph of the direct and indirect effects (mediated via the microbiota) of nonnutritive sweeteners (NNSs) on short-chain fatty acids (SCFA) adjusted for age, gender, and intake of starch and metformin.](JOBE2019-4608315.001){#fig1}
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###### 

Characteristics of the 89 subjects (the number of patients is given in brackets if less than 89).

  Subject characteristics                    Number (%) (mean and/or median)    SD and/or range
  ------------------------------------------ ---------------------------------- ----------------------
  Gender (male/female)                       14 (15.7%)/75 (84.3)                
  Age (years)                                44.6                               8.7
  Height (cm)                                170                                8.1
  Weight (kg)                                121.1                              16.4
  BMI (kg/m^2^)                              41.8                               3.6
  Coffee (cups/day)                          3.0                                2.3
  Smoking (daily/previously/never)           11 (12.4%)/42 (47.2%)/36 (40.4%)    
  Diabetes (no 86) (yes/no)                  20 (23.3%)/66 (76.7%)               
  Metformin use (yes/no)                     16 (18.0%)/73 (82.0%)               
  Protein (g/day)                            110 (median 106)                   36 (40 to 213)
  Fat (g/day)                                97 (median 87)                     47 (21 to 283)
  Carbohydrates (g/day)                      273 (median 246)                   128 (65 to 903)
  Sugar (g/day)                              45 (median 25)                     75 (0.8 to 632)
  Starch (g/day)                             132 (median 122)                   51 (24 to 336)
  Fibre (g/day)                              35 (median 35)                     11 (12 to 72)
  Nonnutritive sweeteners (units^*∗*^/day)   7.5 (median 3.2)                   10 (0 to 43)
  Dysbiosis (yes/no)                         58 (65%)/31 (35%)                   
  Dysbiosis Index (score 1--5)               3.0 (median 3.0)                   1.3 (1 to 5)
  Alternative dysbiosis index (−14--14)      −0.5 (median 0.0)                  2.7 (−8.0 to 7.0)
  SCFA total (mmol/kg wet weight)            36.7 (median 28.7)                 21.6 (5.9 to 149.2)
  Acetic acid (mmol/kg wet weight)           19.9 (median 16.4)                 10.8 (2.9 to 67.9)
  Propionic acid (mmol/kg wet weight)        6.4 (median 5.2)                   4.2 (1.3 to 25.6)
  Isobutyric acid (mmol/kg wet weight)       0.7 (median 0.7)                   0.6 (0.0 to 5.2)
  Butyric acid (mmol/kg wet weight)          7.2 (median 5.6)                   5.4 (1.0 to 34.5)
  Isovaleric acid (mmol/kg wet weight)       1.1 (median 0.9)                   1.0 (0.0 to 7.8)
  Valeric acid (mmol/kg wet weight)          1.0 (median 0.8)                   0.9 (0.0 to 5.1)
  Isocapronic acid (mmol/kg wet weight)      0.0 (median 0.0)                   0.0 (0.00 to 0.08)
  Capronic acid (mmol/kg wet weight)         0.32 (median 0.06)                 0.53 (0.00 to 3.10)
  Index A^†^                                 0.19 (median 0.19)                 0.10 (−0.11 to 0.44)
  Index B^\#^                                1.84 (median 1.55)                 1.61 (0.00 to 13.04)

^*∗*^One unit = 100 mL beverage with nonnutritive sweeteners or 2 tablets/teaspoons of nonnutritive sweeteners for coffee or tea. ^†^Index A: saccharolytic fermentation, i.e., the concentration of acetic minus propionic and butyric acid divided by the total amount of SCFA. ^\#^Index B: proteolytic fermentation, i.e., the sum of concentrations of i-butyric and i-valeric acid.

###### 

Linear regression analyses with the SCFA one at a time as the dependent variable and starch, nonnutritive sweeteners, metformin, gender (not shown), and age (not shown) as simultaneous independent variables.

  Dependent variable   Starch^\#^              Nonnutritive sweeteners   Metformin                                                                                 
  -------------------- ----------------------- ------------------------- ----------- ------------------------- ------------ -------- --------------------- ------- -------
  Total SCFA           0.108 (0.009, 0.206)    0.032                     0.232       −0.488 (−0.986, 0.009)    0.054        −0.210   11.1 (1.9, 24.0)      0.09    0.184
  Acetic acid          0.057 (0.008, 0.106)    0.024                     0.244       −0.207 (−0.455, 0.042)    0.102        −0.179   5.3 (−1.1, 11.8)      0.106   0.177
  Propionic acid       0.017 (−0.002, 0.036)   0.084                     0.189       −0.066 (−0.164, 0.032)    0.183        −0.146   2.1 (−0.4, 4.7)       0.104   0.178
  Isobutyric acid      0.001 (−0.002, 0.004)   0.503                     0.074       −0.011 (−0.026, 0.004)    0.139        −0.162   0.4 (0.0, 0.8)        0.045   0.218
  Butyric acid         0.030 (0.006, 0.054)    0.015                     0.264       −0.159 (−0.280, −0.037)   0.011^*∗*^   −0.274   2.1 (−1.1, 5.2)       0.200   0.140
  Isovaleric acid      0.001 (−0.003, 0.006)   0.529                     0.069       −0.016 (−0.038, 0.007)    0.170        −0.150   0.6 (0.0, 1.2)        0.046   0.217
  Valeric acid         0.001 (−0.003, 0.005)   0.603                     0.057       −0.022 (−0.043, −0.002)   0.029^*∗*^   −0.237   0.5 (−0.02, 1.0)      0.061   0.204
  Isocapronic acid     0.000 (0.000, 0.000)    0.746                     0.036       0.000 (0.000, 0.000)      0.438        0.085    0.01 (0.00, 0.02)     0.002   0.327
  Capronic acid        0.000 (−0.002, 0.003)   0.819                     0.025       −0.008 (−0.020, 0.004)    0.205        −0.139   0.11 (−0.22, 0.43)    0.513   0.072
  Index A              0.000 (−0.001, 0.000)   0.705                     −0.042      0.001 (−0.001, 0.004)     0.251        0.126    0.005 (−0.06, 0.07)   0.873   0.018
  Index B              0.002 (−0.005, 0.010)   0.517                     0.071       −0.027 (−0.063, 0.010)    0.156        −0.155   0.98 (0.02, 1.95)     0.045   0.218

^*∗*^False discovery rate-adjusted *q* values for butyric and valeric acids were 0.088 and 0.116, respectively. ^**\#**^Fibre and starch were significantly correlated (Pearson\'s *r* = 0.60, *p* \< 0.001). Since fibre was not significantly associated with either butyric acid or valeric acid, starch was used in the analyses.

###### 

Linear and ordinal regression analyses with the dysbiosis indices one at a time, and the six out of 41 faecal bacterial species/groups that were statistically significantly associated with nonnutritive sweeteners as the dependent variable, and starch, nonnutritive sweeteners, metformin, age (not shown), and gender (not shown) as independent variables.

  Dependent variable                    Starch                   Nonnutritive sweeteners   Metformin                                                  
  ------------------------------------- ------------------------ ------------------------- ------------------------- ------- ------------------------ -------
  *Dysbiosis Index* ^*∗*^               −0.002 (−0.007, 0.003)   0.455                     0.049 (0.022, 0.077)      0.001   0.834 (0.122, 1.546)     0.022
  *Alternative Dysbiosis Index* ^*∗*^   −0.007 (−0.018, 0.004)   0.198                     −0.090 (−0.143, −0.036)   0.001   1.676 (0.279, 3.074)     0.019
  *Faecalibacterium prausnitzii* ^†^    −0.003 (−0.012, 0.007)   0.583                     −0.056 (−0.103, −0.009)   0.019   −1.142 (−2.312, 0.028)   0.056
  *Bacteroides fragilis* ^†^            −0.003 (−0.013, 0.008)   0.610                     0.074 (0.025, 0.122)      0.003   0.416 (−0.899, 1.730)    0.536
  *Ruminococcus gnavus* ^†^             0.005 (−0.009, 0.018)    0.520                     0.069 (0.009, 0.128)      0.024   0.793 (−0.928, 2.514)    0.367
  *Streptococcus* spp.^†^               −0.009 (−0.023, 0.004)   0.156                     0.093 (0.036, 0.150)      0.001   −0.658 (−2.143, 0.826)   0.385

^*∗*^Linear regression analyses. ^†^Ordinal regression analyses.

###### 

The total, direct, and indirect (mediated) effects of NNSs on faecal SCFA. The results are presented for the SCFA that were statistically significantly associated with NNSs, and the indirect (mediated) effects are shown for the bacterial groups and species significantly associated with NNSs.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------
  Dependent variable   Mediator                         Total effect of NNS\               Direct effect of NNS\              Indirect effect via mediator\
                                                        B (95% CI), *p* value              B (95% CI), *p* value              B (95% CI)
  -------------------- -------------------------------- ---------------------------------- ---------------------------------- -------------------------------
  Butyric acid         Dysbiosis Index                  −0.159 (−0.281 to −0.037), 0.011   −0.148 (−0.279 to −0.016), 0.029   −0.011 (−0.061 to 0.033)

  Butyric acid         Alternative Dysbiosis Index      −0.159 (−0.281 to −0.037), 0.011   −0.159 (−0.289 to −0.029), 0.016   0.000 (−0.040 to 0.049)

  Butyric acid         *Faecalibacterium prausnitzii*   −0.159 (−0.281 to −0.037), 0.011   −0.176 (−0.303 to −0.049), 0.007   0.017 (−0.022 to 0.073)

  Butyric acid         *Bacteroides fragilis*           −0.159 (−0.281 to −0.037), 0.011   −0.149 (−0.281 to −0.017), 0.027   −0.010 (−0.051 to 0.024)

  Butyric acid         *Ruminococcus gnavus*            −0.159 (−0.281 to −0.037), 0.011   −0.162 (−0.292 to −0.031), 0.016   0.003 (−0.023 to 0.048)

  Butyric acid         *Streptococcus* spp.             −0.159 (−0.281 to −0.037), 0.011   −0.152 (−0.282 to −0.023), 0.022   −0.006 (−0.034 to 0.018)

  Valeric acid         Dysbiosis Index                  −0.022 (−0.043 to −0.002), 0.029   −0.025 (−0.046 to −0.003), 0.027   0.002 (−0.004 to 0.010)

  Valeric acid         Alternative Dysbiosis Index      −0.022 (−0.043 to −0.002), 0.029   −0.022 (−0.044 to −0.001), 0.045   −0.001 (−0.008 to 0.008)

  Valeric acid         *Faecalibacterium prausnitzii*   −0.022 (−0.043 to −0.002), 0.029   −0.029 (−0.050 to −0.009), 0.006   0.007 (−0.001 to 0.018)

  Valeric acid         *Bacteroides fragilis*           −0.022 (−0.043 to −0.002), 0.029   −0.022 (−0.044 to −0.001), 0.046   −0.000 (−0.008 to 0.008)

  Valeric acid         *Ruminococcus gnavus*            −0.022 (−0.043 to −0.002), 0.029   −0.020 (−0.041 to 0.002), 0.069    −0.003 (−0.010 to 0.006)

  Valeric acid         *Streptococcus* spp.             −0.022 (−0.043 to −0.002), 0.029   −0.023 (−0.045 to −0.002), 0.032   −0.001 (−0.003 to 0.007)
  -----------------------------------------------------------------------------------------------------------------------------------------------------------

[^1]: Academic Editor: Aron Weller
